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Department of Biological Sciences, University of Calgary, Calgary, CanadaABSTRACT We simulated spontaneous fusion of small unilamellar vesicles mediated by lung surfactant protein B (SP-B)
using the MARTINI force field. An SP-B monomer triggers fusion events by anchoring two vesicles and facilitating the formation
of a lipid bridge between the proximal leaflets. Once a lipid bridge is formed, fusion proceeds via a previously described stalk –
hemifusion diaphragm – pore-opening pathway. In the absence of protein, fusion of vesicles was not observed in either unbiased
simulations or upon application of a restraining potential to maintain the vesicles in close proximity. The shape of SP-B appears
to enable it to bind to two vesicles at once, forcing their proximity, and to facilitate the initial transfer of lipids to form a high-energy
hemifusion intermediate. Our results may provide insight into more general mechanisms of protein-mediated membrane fusion,
and a possible role of SP-B in the secretory pathway and transfer of lung surfactant to the gas exchange interface.INTRODUCTIONCells and their organelles are surrounded by membranes.
Efficient exchange of their contents can be achieved via
membrane fusion. Membrane fusion is a required step in
intracellular trafficking, exocytosis (secretion of signaling
molecules), development, and fertilization in eukaryotes,
as well as in viral infection (1–6). In the fusion pathway,
two membranes first approach at close distance and then
merge into a hemifusion structure through which a fusion
pore opens (7–9) (Fig. 1). This pathway involves over-
coming intermembrane repulsion and strong deformations
of the lipid bilayers constituting the membranes. Transitions
between fusion intermediates are associated with high-
energy barriers and are generally driven by proteins.
Fusion proteins are believed to mediate most steps of
fusion reactions, starting from recognition of the target
membrane (10). The structure of fusion proteins and their
interactions with lipids are as diverse as the biological
processes involving fusion. Fusion machinery can vary
from a single protein (e.g., FAST proteins of reoviruses
(11)) to assemblies of protein complexes (e.g., homotri-
meric class 1 fusion proteins in enveloped viruses (12) or
heterotetrameric SNARE complexes (13)). Many proteins
from unrelated families share common structural motifs,
such as transmembrane domains anchoring the complex to
the membrane and fusion peptides partially embedded in
the membrane, and modes of action, including membrane
local bending and membrane merger driven by refolding
of oligomer ectodomains (1,14). However, the mechanisms
of coupling between the protein and bilayer rearrangements
that promote fusion are still poorly understood. All known
fusion reactions appear to converge to the hemifusion and
fusion pore formation. The exact sequence of hemifusionSubmitted May 5, 2010, and accepted for publication July 23, 2010.
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remain to be determined, and although a large number of
fusion reactions have been studied to date, many have yet
to be identified. Given the diversity of biological fusion
events, variations along the fusion pathway or other mecha-
nisms for fusion are possible.
In this work, we simulated fusion of lipid vesicles medi-
ated by surfactant-associated protein B (SP-B). In contrast
to experimental methods or theoretical models, computer
simulations make it possible to directly follow nanoscale
transformations along the fusion pathway without any
assumptions regarding the intermediate steps. SP-B is a
small hydrophobic protein that is crucial for regulating
surface tension in the lungs during breathing (15,16). The
fusogenic and lytic properties of SP-B demonstrated
in vitro (17–19) are believed to play an important role in
the secretory pathway and transfer of lung surfactant to
the gas exchange interface (20–22). Although its high-reso-
lution structure is not known, a reasonable model can be
constructed based on homology with the saposin-like
protein family (23,24) and NMR structures of several
related fragments (20,25).
We employ molecular-dynamics (MD) simulations to
study small unilamellar lipid vesicles and SP-B proteins
with the coarse-grained MARTINI model (26,27). In this
model, approximately four heavy atoms are grouped to rep-
resent a particle, and the particles interact via soft potentials.
This allows a significant computational speedup compared
to atomistic simulations while retaining a substantial
amount of molecular detail. The model has been success-
fully applied to study the phase behavior of lipids, and the
properties and transformations of protein-lipid aggregates
(28–37). Earlier large-scale simulations with coarse-grained
models demonstrated membrane remodeling by curvature-
inducing proteins, including N-BAR domains (38–42).
Fusion of lipid vesicles in the absence of proteins wasdoi: 10.1016/j.bpj.2010.07.049
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FIGURE 1 Schematic representation of intermediate steps of the fusion
reaction.
Vesicle Fusion Mediated by SP-B Protein 2135previously simulated using coarse-grained and atomistic
models (43–52). The vesicles were either constrained in
close contact or pushed together to initiate stalk formation.
Spontaneous fusion of vesicles/membranes was observed
only in more coarse-grained systems, likely due to their soft-
ness and the high flip-flop rates of strongly simplified lipids,
leading to low-energy barriers for fusion intermediates. Our
simulations are not biased by any external force or
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FIGURE 2 The secondary structure of SP-B protein contains four
a-helices (h1–h4) connected by unstructured loops (solid lines) and linked
by disulfide bridges (dashed lines) forming a hairpin shape.MATERIALS AND METHODS
To study protein-mediated fusion reactions, we simulated lipid vesicles and
SP-B proteins in water. We employed the Gromacs (version 4.0.5) (53) soft-
ware package with the MARTINI coarse-grained force field for lipids and
proteins (26,27). In this model, the molecules are represented by grouping
four heavy atoms (two to three in the case of ring structures) into a particle.
All lipids used are standard components of this force field, except for
palmitoyloleoyl phosphatidylglycerol (POPG), for which the glycerol
group in the headgroup was represented by a polar particle (P4). In dioleoyl
phosphatidylcholine (DOPC) lipids, the angle potential in the hydrocarbon
chains between particles C1, C2, and D3 was modified analogously to
polyunsaturated chains in this model. The protein topology was built
with the use of scripts downloaded from the MARTINI Web site (http://
md.chem.rug.nl/~marrink/MARTINI/). In the protein, selected bonds
were constrained using the LINCS algorithm (54,55). For nonbonded inter-
actions, the standard cutoffs for the MARTINI force field were used: the
Lennard-Jones potential was shifted to zero between 0.9 and 1.2 nm, and
the Coulomb potential was shifted to zero between 0 and 1.2 nm, with a rela-
tive dielectric constant of 15 (26). The time step was 20 fs with the neighbor
list updated every 10 steps. The system was coupled to an isotropic pressure
of 1 bar using the Berendsen barostat (56) with a time constant of 4 ps.
Lipids, water, and proteins were coupled separately to a temperature of
310 K using the velocity rescaling thermostat (57) with a time constant
of 1 ps.
The simulation box contained two lipid vesicles and ~200,000 water
particles with Naþ ions to neutralize the negative charge of the POPG
lipids. SP-B proteins were added to this system as described below. Each
vesicle was composed of 1152 lipids, giving a diameter of ~14 nm. We
simulated lipid mixtures of DPPC, DOPC, POPG, and PA. Two lipid
compositions were tested: DPPC/POPG in a ratio of 3:1 (mixture 1) and
DPPC/POPG/DOPC/PA in a ratio of 5:2:2:1 (mixture 2). In these mixtures,
the anionic lipid POPG can interact specifically with positively charged
SP-B proteins (total charge of one SP-B protein: þ7).
To study the fusogenic activity of SP-B, we randomly distributed eight
proteins in water. We performed six independent, unbiased simulations
for each lipid composition (each 10 ms long, 120 ms in total). The actual
simulation time is given in the text. To characterize the times required
for transformation between the hemifusion intermediates, we used vesicles
anchored by a single protein as an additional starting configuration, without
any further constraints. We ran five independent simulations for eachsystem (each 2 ms long). To assess the fusogenic properties of other proteins
in the MARTINI force field, we tested surfactant-associated protein C
(SP-C). The SP-C topology was built based on the known NMR structure
(58), and an analogous setup with eight SP-C proteins (without SP-B)
was simulated (five independent runs for each composition, each 5 ms long).
To study the ability of lipid vesicles to fuse without proteins, we per-
formed a set of protein-free simulations for each lipid composition. We
ran unbiased simulations (four runs, each 5 ms long) as well as simulations
with a harmonic potential (with a force constant of 100 kJ/mol nm2)
restraining the vesicles at distances ranging from 10 to 14 nm with a
1 nm interval between their center of mass (10 runs, each 1 ms long). As
a control, all simulations with restrained vesicles were repeated using a
previous version of the MARTINI force field. In this version, the
nonbonded interactions between the C1- and Q-type particles are changed
back from the superrepulsive to the repulsive level, and the van der Waals
radius is reduced to 0.47. This modification facilitates protrusions of lipids
and favors formation of the hemifusion stalk, making fusion more likely.RESULTS
The vesicles were preformed upon spontaneous bicelle
bending and closing. Two lipid compositions were simu-
lated: DPPC and POPG in a ratio of 3:1 (mixture 1), and
DPPC, POPG, DOPC, and PA in a ratio of 5:2:2:1 (mixture
2). In both mixtures, lipids were distributed roughly homo-
geneously on the vesicle surface and between the leaflets; no
demixing along the fusion reaction was observed. The vesi-
cles had a diameter of ~14 nm. Employing homology
modeling (based on saposin C and NK-lysin) (59–61) and
data on SP-B synthetic peptides (mini-B: residues 8–25,
63–78) (20,25), we obtained a structure characteristic of
a saposin fold (Fig. 2). The full-length (79 residues) SP-B
protein (62) contains four a-helices connected by unstruc-
tured loops and three internal disulfide bridges, forming
a hairpin-shape (63). This secondary structure is incorpo-
rated in simulations with the MARTINI force field by
defining bonded interaction parameters for the backbone.
Spatial rearrangements between the secondary structure
elements remain possible, however, and side-chain parti-
tioning between water and lipids is well reproduced (27).
The vesicles and SP-B proteins are initially placed
randomly in water. The proteins diffuse toward the vesicle
surface and insert into the headgroup region of the outer
lipid leaflet. Because of the large fraction of hydrophobic
residues on both faces of SP-B (Fig. 3), it can adopt two
conformations on the surface of the vesicle: extended
(Fig. 4 a) or bent (Fig. 4 b). The density distributions forBiophysical Journal 99(7) 2134–2142
FIGURE 3 Distribution of residues of (a) water- and (b) membrane-
facing sides of SP-B. In the upper panel, bonds are shown as thin black
lines, backbone as thick black lines, and side chains as semitransparent
spheres. Apolar residues are colored in gray, polar in green, positively
charged in blue, and negatively charged in red. The solvent-accessible
surface with the same color scheme is given in the lower panel.
FIGURE 4 Extended (a) and bent (b) conformations of SPB on the
surface of the vesicles, side (upper panel) and top (lower panel) views.
Apolar groups of lipids are colored in gray, and polar groups belonging
to the outer and lower leaflets are shown in red (a)/orange (b) and pink
(a)/yellow (b), respectively. Protein backbone is shown as thick black lines.
For clarity, side chains and water/ions are not shown.
2136 Baoukina and Tielemanthese conformations are shown in Fig. S1 of the Supporting
Material. In both conformations, helices 1 and 4 at the
N- and C-termini partition into the headgroup region. In
the bent conformation, helices 2 and 3 are exposed to
solvent, with negatively charged residues in helix 3 interact-
ing with positively charged residues in helix 1. This bent-
hairpin conformation readily triggers fusion events.
Fusion begins when the vesicles diffuse to a close
distance, such that the solvent-exposed part of the protein
on one vesicle can reach the second vesicle (Movie S1).
Upon contact with the surface, the protein inserts into the
headgroup region, anchoring the two vesicles together. The
protein then rearranges as a wedge between the two vesicles
(Fig. 5 a). Near the vertices of the wedge, lipids protrude out
of the membrane and tilt their molecular axes along the
vesicle surface, with the hydrocarbon chains facing the
hydrophobic part of the protein. Thus a lipid bridge is
formed connecting the outer leaflets of the vesicles (Fig. 5 b).
As the flow of lipids continues (Fig. 5 c), these proximal leaf-
lets merge to form a hemifusion stalk (Fig. 5 d). At the same
time, the conformation of SP-B changes from bent to
extended. The stalk is elongated in shape, with the protein
lining a positively curved side of the stalk. The stalk bendsBiophysical Journal 99(7) 2134–2142and expands anisotropically into a hemifusion diaphragm
(Fig. 5 e), which then ruptures (Fig. 5 f) to complete the
fusion process (Fig. 5 g). Fusion events were observed in
six cases (three for each mixture). In mixture 1 the reaction
did not proceed beyond the stalk on the simulation timescale,
whereas in mixture 2, fusion was always completed.
The limiting step for fusion is establishment of close
contact between the vesicles. This step requires insertion
of SP-B into both vesicles, and is controlled by diffusion
of the vesicles in solution and of the proteins in solution
and on the vesicle surface. The time required for this
depends on the vesicle and protein concentration or the
simulation box size; in our simulations, it took hundreds
of nanoseconds to microseconds. Once SP-B reaches a close
distance to the membrane (~3 nm for mixture 1 and ~2.5 nm
for mixture 2), its insertion proceeds rapidly (~20 ns; see
Fig. S2). The fusion reaction always continues after the
protein in the bent conformation anchors two vesicles
(including in 10 control simulations). Formation of a lipid
bridge between the anchored vesicles took between 20 and
950 ns; such variation may originate from adjustments in
protein insertion. Transformation of the lipid bridge into
a hemifusion stalk occurred within 27 5 5 ns. Formation
FIGURE 5 Intermediate steps for fusion of lipid vesicles mediated by SP-B: vesicles anchored by protein (a), lipid bridge (b), lipid flow (c), hemifusion
stalk (d), hemifusion diaphragm (e), and fusion pore (f). (g) Fusion is complete. Vesicles are shown in cross-section in b–g. Molecular representations are as in
Fig. 4.
Vesicle Fusion Mediated by SP-B Protein 2137of a hemifusion diaphragm in mixture 1 was not observed on
the simulation timescale (10 ms). Transformation of the stalk
into a hemifusion diaphragm in mixture 2 was completed
between 28 and 416 ns, and the diaphragm ruptured in
16 5 11 ns. The hemifusion diaphragm was formed from
inner leaflets of both vesicles in five cases. In three other
cases, one of the vesicles ruptured at the end of stalk expan-
sion, and the lipids belonging to the other vesicle lined the
diaphragm. In earlier simulations of tethered/restrained
vesicles using the MARTINI model (43,48), stalk develop-
ment and diaphragm rupture also proceeded rapidly,
whereas diaphragm formation diverged for the same system
and had faster or slower kinetics depending on the lipid
composition.
In an alternative pathway, a lipid bridge is formed inside
the protein hairpin in the extended conformation (Fig. 6 a),
and the fusion reaction is trapped on the microsecond time-
scale (two and three cases in mixtures 1 and 2, respectively).
Another protein in the bent conformation releases the trap-
ped protein (one case in mixture 2) by pushing it away fromthe connection (Fig. 6 b). This trapped configuration may
result form the small radii of the vesicles (which stretches
the protein for optimal insertion to the surface), and may
be less likely to occur between planar bilayers or vesicles
of larger radii (data not shown). Depending on their local
concentration, the proteins also form aggregates in water
and on the vesicle’s surface. However, an SP-B monomer
in the bent-hairpin conformation is sufficient to initiate
vesicle fusion.
Unlike SP-B, SP-C did not result in vesicle fusion in our
simulations (five attempts for each mixture). SP-C partitions
deeper into the membrane interior as compared to SP-B,
with its helix oriented nearly parallel to the membrane
surface and palmitoyl chains aligned with the lipid chains.
This insertion prevents the protein from reaching the second
vesicle, which hinders vesicle anchoring and establishment
of close contact (in nine out of 10 cases). In one simulation
(mixture 1), an SP-C dimer protruding out of the membrane
into the water region (with the helices oriented antiparallel)
connected two vesicles. However, the dimer remained in theBiophysical Journal 99(7) 2134–2142
FIGURE 6 Lipid bridge through SP-B protein in extended conformation.
Fusion reaction is trapped (a) and released by another SP-B protein in the
bent conformation (b). Color scheme as in Fig. 4.
FIGURE 7 Vesicles restrained at close distance (10 nm between their
centers of mass) in the absence of SP-B protein. Cross-section view, color
scheme as in Fig. 4.
2138 Baoukina and Tielemancenter of the connection, with a lipid bridge on both its
sides, and thus the hemifusion stalk could not be fully
formed.
In the absence of proteins, no fusion events were
observed. The vesicles approached each other in a random
manner but did not remain at close distances, and diffused
away. Restraining the vesicles in close contact by a harmonic
potential also did not lead to their fusion on the microsecond
timescale (five attempts for each mixture). A reduction of
repulsion between the lipid tails and the charged particles
(as in the previous version of the force field; see Materials
and Methods), which favors lipid protrusions, also did not
lead to fusion (10 additional attempts). Even if the imposed
distance was smaller then the sum of their radii, the vesicles
deformed to obey the restraint but failed to fuse (Fig. 7).DISCUSSION
The simulation results suggest that SP-B proteins promote
early stages of vesicle fusion. At close distances, interac-
tions between the membranes are net repulsive due to hydra-
tion forces and bilayer undulations (64,65). Here, thermal
undulations likely have a weak effect as the vesicles are of
small radius and the headgroup region of the outer leaflet
is stretched. Insertion of the protein into the vesicle surface
allows burying of its hydrophobic residues and positioning
of the positively charge residues near the headgroups of
anionic lipids. Insertion of the protein into the second
vesicle anchors the vesicles together and establishes a close
contact between the membranes. Favorable protein-lipid
interactions counteract intermembrane repulsion.
Approach in close contact can be associated with the
formation of strongly bent areas (bulges or dimples) in bio-
logical membranes (7,66). In particular, insertion of fusion
peptides is believed to produce membrane distortion/local
curvature (10,14,67). For example, the fusion peptide of
influenza hemagglutinin (HA) has a helix-hinge-helix
amphipathic structure arranged into a V-shape with a hydro-
phobic pocket in the cavity of the V that disrupts the bilayer
(68,69). Here, the lipid layers are deformed significantly dueBiophysical Journal 99(7) 2134–2142to the small radius of the vesicle. SP-B in the bent conforma-
tion does not create noticeable curvature. Of interest, SP-B
in the extended conformation, which resembles the V-shape
of the HA fusion peptide, similarly to the latter induces local
curvature in bilayers (data not shown).
Maintaining the vesicles in close contact is, however, not
sufficient for fusion. This is shown in protein-free simula-
tions with the two vesicles kept in close proximity by a
restraining potential (Fig. 7). Transition to the hemifusion
stalk requires the creation of a high negative curvature in
the proximal leaflets of the vesicles and exposure of lipid
hydrocarbon chains to the polar environment. This step is
facilitated in membranes with lower bending rigidity and
increased lipid protrusions, which is typical for more
coarse-grained lipid models (e.g., lipids represented by three
beads (44,50)), and with more polar and flexible lipid tails
(as manifested by back folding (49)). Formation of the stalk
is also promoted by cone-shaped lipids (such as unsaturated
phosphatidylethanolamines (70)). In earlier simulations,
fusion between restrained vesicles was observed for dif-
ferent lipid compositions (including cone-shaped lipids)
using a previous version of the MARTINI model (43,47).
In our simulations, restoring the interactions between the
lipid tails and charged particles to the level of the previous
version favoring lipid protrusions did not produce fusion.
This suggests that the chosen lipid mixtures are not strongly
fusogenic, and a significant external driving force is
Vesicle Fusion Mediated by SP-B Protein 2139required to lower the energy barrier for stalk formation.
SP-B in the bent conformation acts as a scaffold (71,72),
providing both a positive charge and a hydrophobic surface
along which the lipids protrude out of the membrane and tilt
to establish a lipid bridge. Once a lipid bridge is formed, the
flow of lipids continues and leads to the hemifusion stalk.
Establishment of a lipid bridge is thus the limiting step for
stalk formation.
SP-B plays no additional role in later stages of fusion
reaction in our simulations. Transformation of the stalk
into a hemifusion diaphragm and opening of the pore
through the diaphragm are controlled by the properties of
lipid mixtures. Release of the energy accumulated due to
intermembrane repulsion and elastic stresses trigger these
transformations (7,67,73,74). Here, the elastic stresses
originate from the small radii of the vesicles and the high
curvature of the stalk. Transformation into a hemifusion dia-
phragm and pore opening can, however, require higher ener-
gies than the stalk formation (66,70,75). The accumulated
energy is not sufficient or activation energies are higher
for these steps in mixture 1. The stalk represents a long-lived
hemifusion intermediate that may decay toward fusion on
a timescale longer than the simulation times (48). In mixture
2, the higher content of unsaturated lipids reduces the elastic
moduli of the leaflets, which in turn lowers the energy
barriers, and fusion is completed. Tension due to stretching
of the headgroup region of outer vesicle leaflets may also
facilitate formation of the diaphragm and its rupture
(8,50,74,76).
The fusion events in our simulations proceedvia a contact –
hemifusion stalk – hemifusion diaphragm – fusion pore
pathway. All intermediates of this pathway are lipid-based
(76,77) and are generally consistent with theoretical
continuum models (8,75,78–80). Lipid tilting to produce
stalk, radial, or anisotropic (banana-shaped) stalk expansion,
and a diaphragm composed either of inner leaflets of both
vesicles or of one vesicle were observed in previous simula-
tions in the absence of proteins (43–45,49,51). Earlier simu-
lations also demonstrated a theoretically predicted (66,81)
alternative evolution by a direct stalk-pore transition
(44,47,48), as well as a transition between an adhesion zone
and a diaphragmwithout stalk formation (50,82). Of interest,
fusion appears to follow different pathways for the same lipid
mixture under the same conditions. The kinetics and interme-
diates along the fusion reaction depend on many factors,
including lipid composition, simulation parameters/force
field, system size and geometry (vesicles/bilayers), and
membrane tension. Of importance, all simulated fusion
events converge to the contact – hemifusion – pore pattern.
We have shown that an SP-B monomer in the bent-hairpin
conformation is sufficient to initiate vesicle fusion. SP-B
proteins were observed to induce fusion of liposomes
(DPPC/POPG lipids in a 7:3 ratio) in earlier experimental
studies (17–19). These studies also reported a minor ability
of SP-C to induce lipid mixing, which is in agreement withour simulation results. Fusogenic activity of SP-B does not
appear to require other proteins and does not involve signif-
icant structural rearrangements. This may be similar to the
action of small FAST proteins in reoviruses (11,83), and is
distinct from enveloped viruses (6,12) or SNARE-mediated
fusion (5,13,84), where conformational changes of the
fusion protein complex, including refolding (zippering) of
ectodomains, are thought to drive fusion reactions. It is
worth mentioning that the secondary structure of the protein
is fixed by parameters of the employed coarse-grained
model. Hence, it was not possible to capture changes in
the secondary structure of SP-B along the fusion pathway.
However, changes of structure upon binding to lipid aggre-
gates are expected to be small (85). In addition, SP-B is
expected to form a homodimer connected by a disulfide
bridge (86,87). Dimer conformations or aggregation may
mediate later stages of fusion: transformation of the stalk
into a hemifusion diaphragm and fusion pore opening.
This offers a subject for future studies, which could perhaps
incorporate a more detailed model and larger vesicles or
bilayers. Previous simulations have already demonstrated
promotion of pores in the stalk by scramblases (40), stabili-
zation of the stalk-pore complex in a bicontinuous cubic
phase by HA fusion peptides (32), and membrane perturba-
tion by pulling on the SNARE complex (88).
The fusogenic activity of SP-B is important for the
physiological function of the lung. The protein is believed
to play a role in several steps in the lung surfactant secretory
pathway (20), including fusion of a late endosome/multive-
sicular body with the lamellar body, organization of surfac-
tant lipids as concentric bilayers in the lamellar body
(89,90), and formation of tubular myelin from the lamellar
bodies (91,92). In addition, SP-B provides rapid transfer
of lung surfactant to the gas exchange interface, which is
required for lung function. Rapid transfer is likely achieved
via a hemifusion stalk connection between the interface and
surfactant vesicles/reservoirs (93,94). SP-B induces/stabi-
lizes the highly curved stalk, which allows collective
adsorption/flow of lipids. However, the exact mechanism
of stalk formation and the role of SP-B in the function of
lung surfactant are still not fully understood. Our simula-
tions provide insights into SP-B-facilitated stalk formation.
The simulations also show that the proteins line positively
curved edges of the stalk. We hypothesize that SP-B stabi-
lizes the stalk by reducing the line tension at its edges.
In summary, we simulated fusion of small unilamellar
vesicles mediated by lung surfactant protein SP-B. The
simulation results suggest that SP-B initiates fusion by
anchoring the vesicles together and facilitating formation
of a lipid bridge, which converts into a hemifusion stalk.SUPPORTING MATERIAL
Two figures showing 1), density profiles across a lipid bilayer with an SP-B
protein inserted on the surface in two conformations and 2), insertion ofBiophysical Journal 99(7) 2134–2142
2140 Baoukina and TielemanSP-B into the vesicle surface characterized by distance between the protein
and vesicle centers of mass as a function of time and a movie showing the
fusion of two vesicles mediated by SP-B are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(10)00921-5.
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